We use enzymatic manipulation methods to investigate the individual and combined roles of elastin and collagen on arterial mechanics. Porcine aortic tissues were treated for differing amounts of time using enzymes elastase and collagenase to cause degradation in substrate proteins elastin and collagen and obtain variable tissue architecture. We use equibiaxial mechanical tests to quantify the material properties of control and enzyme treated tissues and histological methods to visualize the underlying tissue microstructure in arterial tissues. Our results show that collagenase treated tissues were more compliant in the longitudinal direction as compared to control tissues. Collagenase treatment also caused a decrease in the tissue nonlinearity as compared to the control samples in the study. A one hour collagenase treatment was sufficient to cause fragmentation and degradation of the adventitial collagen. In contrast, elastase treatment leads to significantly stiffer tissue response associated with fragmented and incomplete elastin networks in the tissue. Thus, elastin in arterial walls distributes tensile stresses whereas collagen serves to reinforce the vessel wall in the circumferential direction and also contributes to tissue anisotropy. A microstructurally motivated strain energy function based on circumferentially oriented medial fibers and helically oriented collagen fibers in the adventitia is useful in describing these experimental results.
Introduction
Mammalian arterial walls are heterogeneous and composite structures consisting of wellorganized passive structural fibrous proteins, elastin and collagen, and active smooth muscle cells Glagov 1964, Clark and Glagov 1985) . In concert, these constituents contribute to the nonlinear and anisotropic mechanical properties of the vessel that ultimately determines how the luminal volume changes with transmural pressure (Wolinsky and Glagov 1967) . Changes in arterial wall composition and microstructure occur during the normal course of development and aging or due to disease-related remodeling processes (Jacob et al 2001) . During development, elastin contents in blood vessels increase and reach a maximum in the perinatal stage (Bendeck and Langille 1992 , Rosenbloom et al 1993 , Davis 1995 . Age-related changes, for example due to arteriosclerosis, often cause an increase in the ratio of wall thickness to luminal radius. Collagen content in the vessel also increases with a corresponding decrease in tissue distensibility (Yin 1980 , Gaballa et al 1998 . Disease related tissue remodeling includes hypertension, caused by an increase in the blood pressure, which leads to an increase in the synthesis of elastin and collagen (Keeley and Alatawi 1991) . Further, restenosed arteries after atherosclerosis (Humphrey 2002) , aneurysmal vessels (He and Roach 1994) and genetic diseases (Kielty et al 2002) also show different tissue microstructures as compared to healthy arteries. Thus, although the etiology of vascular diseases may vary widely, they all share common underlying changes in the vessel microstructure, and also therefore in the impairment of their biomechanical response.
Enzyme decomposition methods have been useful to delineate the uniaxial mechanical properties of arteries (Dadgar et al 1997 , Weisbecker et al 2013 . Uniaxial tests alone are however insufficient to quantify the mechanical response of fiber reinforced anisotropic materials that undergo large deformations (Humphrey 2002) . To address deficiencies with uniaxial testing, Dobrin and Canfield used pressure inflation experiments on elastase and collagenase digested carotid dog arteries. These multiaxial experiments showed that elastase causes a very stiff tissue response whereas collagen distributes loads in the circumferential direction alone during physiological loading (Dobrin and Canfield 1984) . Pressure inflation experiments provide physiologically relevant loading of arterial walls, but are not best suited to assess the form of microstructurally motivated strain energy function used to model the vessel response (Humphrey 2002) . Further, enzymatic decomposition of the tissue increases arterial wall porosity making inflation experiments complex in their implementation. In this study, we use enzyme digestion protocols to ex vivo manipulate elastin and collagen contents in descending porcine thoracic aorta and quantify their material properties using planar biaxial mechanical tests and relate these to the underlying tissue microstructure. We model the arterial response using a linear decomposition of the strain energy function into a neo-Hookean term, mainly based on the contribution of elastin in a ground matrix, and an exponential term based on two families of helically wound collagen fibers (Holzapfel et al 2000 , Ferruzzi et al 2011 . These studies will be of use to researchers who model the microstructural contributions of individual tissue constituents on arterial properties. Further, generation of variable arterial tissue architecture will be useful to simulate disease conditions that may next be used to assess novel prosthesis designs.
Materials and methods
Porcine hearts, with approximately 15 cm length of aortic segments, were obtained from the local abattoir and were stored on ice during transportation to the laboratory. Fat and surrounding loose connective tissue was removed and the aorta was sectioned into three parts, (C) Enzyme digestion The remaining tissue was first tested using equibiaxial displacement controlled protocol to obtain the nonlinear and anisotropic material response of control tissues in the circumferential and longitudinal directions respectively. (C) Mechanically tested tissues were next treated with either elastase or collagenase by placing tissues in an oven maintained at 37 • C to obtain variable tissue microstructures. (D) Enzyme treated tissues were again oriented in the principal material directions and tested using biaxial testing protocols to quantify the altered mechanical response due to enzyme treatments. of approximately 4 cm each, starting at the first intercostal artery (figure 1). Prior to mechanical testing, all tissues were placed for a minimum of 1 h in medium containing physiological Dubecco's saline solution with 100 mg l −1 potassium cyanide (KCN) to eliminate smooth muscle cell contribution to the measured mechanical properties (Marano et al 1999) . Each arterial segment was next treated with either elastase or collagenase for differing amounts of time to selectively degrade elastin or collagen and obtain variable tissue microstructure.
Enzyme treatments
Different concentrations of collagenase and elastase enzymes were used to obtain variable degradation rates in substrate proteins, elastin and collagen. The distal segment furthest from the arch was used for the 1 h elastase or collagenase treatment whereas the proximal segment, closest to the arch, was used for the 6 h collagenase or the 4 h elastase treatment respectively. Mechanical testing of untreated tissues was obtained prior to the enzyme treatment and served as control data for comparisons with enzyme treated groups (figure 1). Control arterial segments were pinned to a Sylgard R resin (Dow Corning, USA) coated petridish and sandwiched with surgical gauze to ensure uniform contact of the tissue with the enzyme. The adventitial layer was directly in contact with the gauze for all experiments. The tissue was completely submerged with enzyme buffered medium, the petridish covered tightly with Parafilm R , and placed in an oven at 37
• C to obtain variable tissue microstructure. Tissues were washed thoroughly in saline following the enzyme treatment and rings from the top and bottom portions of each arterial tissue were sectioned and stored in formalin for histological analysis. ANOVA with Bonferroni comparisons was used to assess statistical differences between groups with p < 0.05 considered statistically significant.
Enzyme preparation methods.
(a) Collagenase treatment: collagenase solution was prepared (500 U ml −1 , Type IV, Worthington Biochemicals, NJ, USA) in buffer solution containing physiological Dubecco's saline solution supplemented with 100 mg l −1 KCN. Arterial samples were thoroughly cleaned in saline and incubated at 37
• C for either 1 h (n = 7) or 6 h (n = 6) respectively. (b) Elastase treatment: for tissue treatments with elastase, the culture medium was supplemented with 10 U ml −1 porcine pancreatic elastase (Worthington Biochemicals, NJ, USA) buffered in Dubecco's saline containing 100 mg l −1 KCN with 0.1 mg l −1 of soybean trypsin inhibitor to prevent cleavage of collagen and other proteins (Lee et al 2001) . Arterial segments were incubated in an oven at 37
• C for 1 h (n = 6) or for 4 h (n = 6) and cleaned thoroughly before mechanical experiments.
Equibiaxial mechanical tests
Tissue thickness was measured at six locations using calipers by gently sandwiching the tissue between two glass slides and subtracting the thickness of the glass slides. Cylindrical arterial segments were dissected into 25.4 mm × 25.4 mm planar dimensions, oriented in the circumferential and longitudinal principal directions, and clamped in the biaxial stretcher, details of which are described elsewhere earlier (Gundiah et al 2007) . Briefly, four linear stretcher arms were independently controlled and driven using four microstepper motors with attached shaft encoders to measure linear displacement in each stretcher arm. Two 50 N load cells (Model 31/3672-02, Honeywell Sensotec Inc., Columbus, OH, USA) attached to an end of each of the two orthogonal linear stretcher arms measured forces on samples during deformation. Load cells were zeroed prior to each testing protocol and the tissues stretched using equibiaxial displacement-controlled protocols to a maximum displacement determined using shaft encoders. To maintain tissue hydration during the experiments, tissue samples were placed in a saline bath at 37
• C. The specimens were preconditioned by stretching equibiaxially from zero to a maximum displacement using a triangular waveform at 0.5 Hz for 10 cycles. To capture elastin and collagen dominated responses, tests were conducted on control aortic tissues to a maximum stretch corresponding to 60% of the tissue dimensions. Data from the first unloading cycle following preconditioning are reported in this study.
Ceramic markers beads (250-355 μm, MO-SCI Corporation), attached with minimal amount of cyanoacrylate glue to the tissue surface, were used to quantify strains in the tissue during deformation. A CCD camera (Pulnix) mounted over the specimen was used to image the movement of beads during specimen deformation. Marker displacements were digitized using a custom MATLAB program (The Mathworks, v7.0.1, Natick, MA). Green strains (E ii , i = 1:2) were calculated at each time in the deformation cycle and are given by:
The index i = 1 denotes the longitudinal direction and i = 2 is the circumferential direction. λ i = L i L i0 ; i = 1, 2 are the stretch ratios in the two directions calculated from tissue lengths in the two orthogonal directions with respect to the resting tissue dimensions. Forces from load cells (f i , i = 1:2) were converted to Cauchy stresses (T ii , i = 1:2) in the two directions using the undeformed tissue thickness (t) and specimen width (w) and are given as:
The superscript exp is used to denote experimentally determined stresses in the tissues to contrast these with stresses calculated using the strain energy function described below.
Constitutive model
We use a microstructurally motivated form of strain energy function to model the tissue response based on contributions of an isotropic elastin dominated matrix and an anisotropic part with contributions from two oriented collagen fiber families, symmetric with respect to the longitudinal direction (Holzapfel et al 2000) . The linear additive four parameter Holzapfel model is given bȳ
whereψ iso is associated with isotropic deformations of the elastin and base matrix and is represented by a neo-Hookean term. C = F T F is the left Cauchy-Green tensor written in terms of the deformation gradient, F. In contrast,ψ aniso is dominated by two diagonally oriented and mechanically equivalent collagen fiber families represented by unit vectors M and M . The exponential term allows for incorporating the stiffening effect due to fiber reinforcement in the arterial tissues. Coefficients c, k 1 and k 2 are material parameters and are determined using experimental data. I 1 (C) is the first invariant of the Cauchy-Green tensor and
is the square of the stretch with unit vectors M 4 = M and M 6 = M . α,β are angles that the collagen fibers make with the circumferential direction such that α = −β. Based on this criterion, we write the helical term contribution as
We assume homogeneous deformations are present within a central region of the biaxially tested specimen under plane stress (T 33 = 0) and introduce constraints by assuming tissue incompressibility such that λ 3 = 1 λ 1 λ 2 are stretches in the radial direction. Theoretically calculated Cauchy stresses based on the four parameter Holzpafel model (equation (3)) are hence given as
We use the notation calc to differentiate between theoretically determined stresses in the above equation (5) from experimentally determined stresses (equation (2)). To fit experimental data to theoretically calculated stresses, we used a nonlinear regression Levenberg-Marquardt algorithm implemented using the built-in function lsqnonlin in MATLAB (The Mathworks, v7.8.0, Natick, MA). This method minimizes the square of errors between experimentally determined and theoretically calculated stresses given as
The index j is used for each of N data points in the circumferential and longitudinal directions corresponding to the unloading cycle. Possible solutions were obtained by imposing the constraint of c, k 1 , k 2 0 and 0 α π/2 and the optimization was terminated when the tolerance placed on the objective function was less than 1 E-10 or when the tolerance placed on the estimated parameter values was less than 1 E-8 (Ferruzzi et al 2011) . To establish that the converged solutions correspond to the global minimum and not possible local minima, we used ten different start guesses to obtain a set of coefficients for a given stress-strain data. The final reported value in the tables corresponds to the one with the highest value of r 2 .
Histology
A piece of control and enzyme treated samples were stored in formalin for histological analyses. Tissues were embedded in OCT (Optimal Tissue Cutting compound, Tissue Tek) and cryo-sectioned into 8 μm circumferential slices. Sectioned slices were mounted on a poly-L-lysine coated slide and stained using one of two protocols: Masson's trichrome was used to identify the presence of collagen, stained blue, whereas other extracellular constituents appear red. To confirm the presence of elastin, we used Verhoeff's elastic stain counterstained with Picro-ponceau that stains elastin brilliant blue-black and collagen and other proteins pink.
Results

Effects of enzymatic degradation on tissue thickness
To quantify the effects of enzyme treatment on the tissue, we compared thickness of control and enzyme treated arterial segments (figure 2). There were no significant differences in the tissue thickness between control tissues in the 1 h and 6 h groups respectively (p = 0.185; n = 5). Also, there were no significant thickness differences in tissues treated with collagenase for 1 and 6 h (p = 0.299; n = 5) or for tissues treated with elastase for 1 or 4 h (p = 0.401; n = 5) respectively. We see significantly lower tissue thickness for specimens treated with collagenase for 1 h as compared to the corresponding control group (p < 0.05) and a trend towards lower tissue thickness (p = 0.052) for the 6 h collagenase treated group as compared to the corresponding control specimens. Further, we see that the average tissue thickness of 1 h elastase group was significantly higher than the collagenase 1 h treated samples (p < 0.01) as well as the control group (p < 0.01). Thus, collagenase treatment reduces the arterial wall thickness whereas elastase treatment causes an increase in wall thickness (Gundiah 2004) .
Mechanical tests
The 4 h elastase treatment caused artifacts in the movement of markers due to a layer of buffer solution located below the marker surface. Results from mechanical tests corresponding to these samples were hence discarded from the study. Mechanical test results from the equibiaxial displacement controlled protocols are shown for all samples in the study in figure 3 for the five groups corresponding to Control 1 h, Control 6 h, Collagenase 1 h, Collagenase 6 h and Elastase 1 h respectively. The longitudinal direction is stiffer than circumferential for most control samples ( figure 3(A), (B) ). Results from the collagenase treated samples (figures 3(C), (D)) show a relatively linear stress-strain response as compared to the nonlinear anisotropic behavior of control samples. Also, differences in tissue responses in the circumferential and longitudinal directions reduced in these samples as compared to control data. In contrast, most elastase treated samples show little deformation; indicating a very stiff tissue response as compared to control samples (Gundiah 2004) .
To quantify these experimental results, data from each tissue in the enzyme-treated and control groups were fit to the four parameter Holzapfel form of strain energy function (equation (3b)) as described earlier. Fit from one such minimization is shown for a representative control sample in figure 4 and results from optimizations in all groups are tabulated along with the r 2 values to demonstrate the goodness of fits (table 1) . ANOVA with Bonferroni comparisons was used to test for differences in the coefficients (c, k 1 , k 2 , α) for all different groups in the study. These comparisons show significant differences in coefficients c, k 2 (p < 0.05) between Control 1 and Control 6 groups and that for coefficients, k 1 , k 2 (p < 0.05) in comparisons between Control 6 and Collagenase 6 groups respectively. Similarly, we see significant differences in coefficient k 1 and k 2 between the 1 h and 6 h collagenase treated samples and their respective controls (p < 0.05). Finally, there are significant differences in comparisons between Elastase treated group with all other groups for coefficient k 2 alone (p < 0.05).
To characterize the combined role of the various coefficients and the effects of the enzyme treatment on elastin and collagen dominated responses to the mechanical data, we computed Green strains in the circumferential and longitudinal directions for enzyme treated and control samples at 50 kPa and 150 kPa (figure 5). Circumferential strains are greater than longitudinal for Control 6 h samples respectively at both 50 kPa and 150 kPa values corresponding to the low and high stretch conditions (p < 0.05). Strains in elastase treated samples were significantly lower (p < 0.05) in both circumferential and longitudinal directions at both strain comparisons of 50 kPa and 150 kPa as compared to all other groups. Further, there are significant differences in the strains in the longitudinal direction at 50 kPa and 150 kPa for Control 1 and Control 6 groups respectively. A 1 h collagenase treatment is sufficient to cause changes in the tissue properties as compared to the Control 6 group at 50 kPa and 150 kPa. There are significant differences in strains in both circumferential and longitudinal directions for comparisons between Collagenase 1 and Collagenase 6 groups respectively for the 50 kPa strain alone and at not at higher stretches (p < 0.05). These results suggest that elastin removal acts to increase the stiffness of the tissues dramatically. In contrast, removal of collagen from tissues leads to differences at higher strains only which show the contribution of collagen as a reinforcing element in the tissues.
Histology
We use Masson's trichrome to visually identify differences in tissue microstructure due to collagenase treatment. To visualize the effects of elastase on the tissue, we used Verhoeff's elastic counterstained with Picro-ponceau. A representative sample from collagenase and elastase treated groups are shown in figure 6 along with corresponding control tissues to clearly delineate the effects of enzyme treatment on the main structural proteins in arterial tissues. These results show fragmentation and dissolution of the collagen fibers (stained blue) with a 1 h collagenase treatment (figure 6(B), (C)). Further, collagen fiber density is lower with 6 h collagenase treatment (figure 6(C)) as compared to the control sample ( figure 6(A) ). There were no signs of elastin fiber fragmentation due to the treatment of collagenase in the tissue samples. In contrast, there is a higher amount of collagen with a 4 h elastase treatment (figure 6(F)) as compared to control arterial segments ( figure 6(D) ). Elastin fibers however appear fragmented due to the 1 h (figure 6(E)) and 4 h (figure 6(F)) elastase treatments with an associated loss in tissue organization. Elastin fiber thickness and density (stained black) are also lower in elastase treated slides as compared to the corresponding controls as clearly seen in the 4 h treated samples. We do not also see any collagen fiber fragmentation due to elastase treatment in the histology images. Hence, the higher volume fractions of collagen in elastase treated tissues contribute to the overall tissue mechanics.
Discussion
There are three main findings from this study: first, fragmentation and loss in elastin networks may be sufficient to cause a dramatic increase in arterial wall stiffness in the circumferential and longitudinal directions. Second, presence of collagen serves to reinforce the arterial wall in both circumferential and longitudinal directions. Finally, the microstructurally motivated Holzapfel form of strain energy function (Holzapfel et al 2000) provides useful insights to describe the mechanics of enzyme treated tissues based on decomposition into the medial and adventitial layers.
The role of elastin and collagen in arterial mechanics
Clark and Glagov examined the structure of the arterial media and showed that its architecture consists of fascicles comprised of integrated units with elastin-smooth muscle cells-elastincollagen that repeat throughout the arterial media (Clark and Glagov 1985) . Elastin is stretched out during physiological loading following which crimped collagen fibers begin to bear mechanical loads. The physiological range of vessel loading typically lies in the elastin to collagen dominated responses (Wolinsky and Glagov 1964) . Elastase and collagenase degradation protocols used in this study allowed us to alter the relative composition of passive fibers, elastin and collagen, and quantify their mechanical contributions and interactions within composite arterial tissues. The incubation times and collagenase concentrations used in this study were based on the results by Dadgar et al (Dadgar et al 1997) . Using uniaxial testing protocols and histological studies they showed that the incubation of control canine arterial segments with collagenase caused a decrease in the wall strength accompanied by fragmentation in the arterial media and adventitia. We see similar results with a loss in structural integrity as shown by the histology results (figure 6) and reduction in the tissue compliance of collagenase digested porcine aortic tissues (figure 5).
Biaxial tests on untreated porcine aorta show that stiffness in the longitudinal direction is significantly greater than the circumferential direction. These results are consistent with other studies reported using dog arterial samples (Apter et al 1970, Dobrin and Canfield 1984) . Collagenase treated tissues show that removal of collagen from arterial walls (figure 2) causes an increase in tissue compliance. These results clearly demonstrate the contribution of collagen to the nonlinearity of arteries. Using inflation experiments on collagenase digested vessels, Dobrin et al showed that collagenase treated arteries displayed no changes in the longitudinal direction but were more compliant in the circumferential direction . Based on these studies, Dobrin and coworkers concluded that collagen contributes to the mechanical properties of the tissue in circumferential direction alone at physiological strains. However, our results demonstrate that collagen contributes to tissue reinforcement in the longitudinal and circumferential directions respectively.
Elastase treatment caused fragmentation and dissolution of the elastic fibers, seen in the Verhoeff strained histology sections (figure 6). All elastase treated specimens had a very tacky surface as compared to control arterial segments. Vesely et al suggested that soaking tissues in buffer containing elastase causes partial dissolution of the glycosaminoglycans that lead to tissue swelling. Histology results reported in this study show the effects of enzyme treatment on the tissue microstructure. The effect of stiffness increase in the circumferential and longitudinal directions due to elastase treatment on arterial stiffness is quite striking. Our results show that elastin helps in distributing tensile stresses in the principal directions during vessel loading. These results suggest that fragmentation of the elastin network and disruptions in elastin-collagen coupling may be sufficient to cause large changes in the mechanical properties of the tissue, making the role of elastin very crucial to arterial mechanics. To model the individual contributions of elastin and collagen to the medial and adventitial layers, we use a microstructurally motived form of strain energy function obtained based on a medial term with fiber contributions in the circumferential direction alone and one based on the adventitia comprised of helical collagen fibers given as (Weisbecker et al 2013) :
with stresses in the longitudinal and circumferential directions given by
Here,
2 sin 2 α. This five parameter model has unknown coefficients (c, c 1M , k 1A , k 2A , α) that are determined using experimental data as before (table 2) . Table 2 . Fits to the 5-parameter microstructural anisotropic model (equation (7)) for control and collagenase treated samples in the study. Contributions from medial collagen and elastin seem to play an important role in the mechanics of arteries. The five parameter model is thus representative of such tissue microstructure (Weisbecker et al 2013) that also agrees with results from this study. Based on the high r 2 values seen in this study, we surmise that the four and five parameter models are equally good in capturing the tissue behavior for the control and collagenase treated samples in our study. However, the five parameter model did not converge for the case of the very stiff response for one sample in the elastase treated samples. Although the model seems appropriate to describe the contributions of individual structural proteins, it is however difficult to capture the very stiff response exhibited by elastase treated samples.
Sample c (kPa)
Enzymatic degradation of arterial constituents
Matrix metalloproteinases (MMPs) and serine proteases such as elastase and collagenase are normally present in latent form under normal physiological conditions in the vessel wall (Allaire et al 2002, Galis and Khatri 2002) . These enzymes are generally activated by wall injury and cleave substrate proteins elastin and collagen present in arterial walls. Histochemical and molecular biological studies on human aneurysm tissues also show the presence of large numbers of inflammatory cells in the arterial walls and increased MMP and fibrinolytic activity that are responsible for the destruction of elastin and collagen (Busuttil et al 1982 , Freestone et al 1995 . To study the development of aortic aneurysms in blood vessels, Anidjar and coworkers used in vivo elastase perfusion in healthy rat aorta and demonstrated that elastin degradation of vessels is a primary requirement for the formation of aortic aneurysms (Anidjar et al 1990) . This method is now used as a standard protocol for the study of abdominal aortic aneurysms using rat models. Clinically, aortic dissections and rupture, aneurysm formations etc and other pathologies have important biomechanical and chemical causes that may be associated with fragmented elastic fibers (Sonesson et al 1994) or loss in collagen (Boutouyrie et al 2004) . Because the arterial media in the abdominal aorta has significantly lower elastic lamellae as compared to the thoracic media (MacSweeney 1993), the consequences of elastase action on the vessel wall may be dramatic. Longitudinally oriented elastin fibers, demarcating the intima from the media, are more likely to be degraded locally in disease due to changes in hemodynamic stresses and the action of MMPs. Based on results from this study we see that elastase action may lead to local vessel stiffening due to elastin degradation. Because cells are connected to the elastin and collagen networks, disruption of the matrix proteins may hence affect the long term remodeling of the vessel wall and lead to deleterious effects. Recent studies have suggested that the location of the arterial samples contributes to the mechanical properties of elastin in arterial walls with specimens proximal to the heart displaying a linear isotropic response whereas samples located distally have a nonlinear and anisotropic property (Gundiah et al 2009 , Lillie et al 2007 , Agrawal et al 2013 . The effects of elastase action on the cell mechanobiology will hence also depend on its location in the arterial tree.
Mechanical studies on diseased tissues generally deal with the late stage and although important, do not necessarily reflect the initial symptoms and their effects that cause wall dilatation. Genetically predisposed animal models and animal injury models provide unique platforms to investigate the effects of therapeutic agents in the advent of disease and also provide clues on the causes of the diseases. Surgical intervention and mathematical models for evaluation of prosthetic devices like stents in the vicinity of diseased tissues requires sufficiently large and diseased tissues that are difficult to obtain. In vitro enzyme studies may hence provide an alternate platform to evaluate some of these interventions. The enzyme concentrations used in this study help generate variable tissue microstructure that may be used to delineate the individual and combined roles of elastin and collagen. Recent studies by Weisbecker et al used elastase and collagenase treatments to assess the uniaxial mechanical properties of human aorta and show the microstructural role of elastin and collagen in the aortic walls (Weisbecker et al 2013) . These results show that the anisotropic response of elastin and noncollagenous matrix constituents, obtained by treating vessels with collagenase, is better captured through microstructural models for arterial media using the orientation of elastin in the circumferential direction alone (Gundiah et al 2007 (Gundiah et al , 2009 ). In contrast, elastase treated vessels and control tissues exhibit a softening response under quasi-static loading that is hypothesized to be related to elastin and collagen coupling to prevent sliding between fibers in the arterial media and hence suppress damage accumulation. Our biaxial mechanical results on elastase and collagenase treated aorta support the thesis for coupling between elastin and collagen as an important factor in arterial mechanics reported earlier using uniaxial testing of arterial media (Weisbecker et al 2013) . The constitutive model parameters may help in distinguishing between the individual and combined roles of elastin and collagen in the arterial media and adventitia and hence useful in modeling diseased tissues.
We do not see any anisotropy in the mechanical response in elastase and control 6 h samples which may be related to variability between individual samples. These may also be a result of differential degradation in the tissue constituents caused by the enzyme treatments that was designed to get a differential degradation in tissue microstructure. Because the goals of this study were to estimate the effects of enzyme treatment on tissue mechanics that is more relevant to emulate disease conditions, we did not optimize the concentrations of the enzymes which may be a limitation of the study to completely eliminate the individual contributions of elastin from tissues. Further, this study has not attempted to quantify changes in the residual stress in tissues due to differential amounts of the individual constituents. The overall mechanical properties of tissues will also depend on the inclusion of residual stresses contributed by individual tissue constituents.
Conclusions
Several studies have directed their attention to the biochemical causes and events leading to the formation of diseased tissues. Fewer researchers have studied the mechanical consequences of such events that are ultimately important in understanding the progression of the disease and in designing suitable treatments. Difficulties in obtaining human diseased samples and complications due to age and gender differences present added complications. To eliminate these, we designed a series of experiments to alter the vessel constituents by ex vivo tissue degradation. This study describes the mechanical consequences due to enzymatic degradation of arterial constituents, elastin and collagen. The altered microstructure was visualized using histology. Biaxial mechanical tests of enzyme digested vessels show the role of elastin and collagen to arterial mechanics and indicate that medial collagen and elastin contributes to the circumferential properties of arteries. Collagen in tissues is important in tissue nonlinearity and anisotropy. The microstructurally motivated strain energy function (Holzapfel et al 2000 , Weisbecker et al 2013 accounting for the contributions of medial collagen and elastin and an adventitial collagen present as a helical contribution seem to explain our experimental results of elastase and collagenase treated samples. Finally, we have not accounted for the residual strains in the enzyme digested arterial segments in this study. Residual stresses, existing in a body in the absence of externally applied loads, when included with the constitutive equation provide the complete stress state for an arterial segment (Humphrey 2002) . Unpublished experiments from our lab on the residual strains in enzyme digested arterial segments have quantified these strains in elastase and collagenase digested arterial segments (Wang 2004) . These results show that residual strains in elastin segments are tensile and that collagen contributes to the compressive strains in arteries. Such contributions would also be essential in modeling the constitutive behavior of elastin and collagen in arterial walls and serve as model cases for diseased tissues.
